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Abstract 
Carbon dioxide capture using aqueous ammonia is a post-combustion technology that has shown a good potential. Therefore this 
process is studied by measuring the rate of absorption of carbon dioxide by aqueous ammonia and by performing process 
simulation. The rate of absorption of carbon dioxide by aqueous ammonia solvent has been studied by applying a wetted wall 
column apparatus. The rate of absorption is crucial regarding the sizing of the absorber columns. The overall mass transfer 
coefficient has been measured at temperatures from 279 to 304K for 1 to 10wt% ammonia solutions at loadings up to 0.6. The 
results were compared with those found for 30wt% mono-ethanolamine (MEA) solutions. 
The capture process was simulated successfully using the simulator Aspen Plus coupled with the extended UNIQUAC 
thermodynamic model available for the NH3-CO2-H2O system. For this purpose, a user model interface was developed. The heat 
and electricity requirements were analyzed for a base case configuration, and a preliminary sensitivity analysis was performed on 
the heat and the electricity requirements and on the ammonia slip from the absorber. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The capture of carbon dioxide from power generation represents a promising option to reduce CO2 emissions. 
Post combustion technologies using mono-ethanolamine solvents (MEA) have been used in chemical industry  for 
the commercial production of carbon dioxide and tested on pilot scale for carbon dioxide capture from power 
generation. However, the large heat requirement and solvent degradation issues led to the investigation of new 
alternatives for this solvent. Among them, the use of aqueous ammonia has been proposed. Several variants of the 
process have been proposed, the most prominent one being the chilled ammonia process [1], developed by Alstom. 
It absorbs carbon dioxide at a low temperature (0-10°C) in order to limit the ammonia vaporization and allows for 
precipitation of ammonium carbonate compounds. The potential of the technology has been shown based on 
equilibrium calculations [2]. However, a more detailed study is necessary in order to investigate more aspects of the 
process. 
The rate of absorption of carbon dioxide by the solvent is a key parameter as it is strongly linked to the size of the 
absorber. In this study, the kinetic rate of absorption of carbon dioxide has been experimentally measured using a 
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wetted wall column apparatus. The influences of the concentration of ammonia (1-10wt%), the temperature (279-
304K) and the CO2 loading (0-0.6) have been studied. The rate of absorption using aqueous ammonia has been 
compared with the one using loaded MEA solutions at 314K. 
The simulation of the capture process using aqueous ammonia has also been studied. It uses the extended 
UNIQUAC thermodynamic model available for the NH3-CO2-H2O system [3] implemented on the commercial 
simulator ASPEN Plus using a user model interface [4]. Equilibrium based simulations allowed for evaluating the 
heat and electricity requirements for several configurations of the process.  
2. Measurement of the kinetic rate of absorption of carbon dioxide by aqueous ammonia solvent 
2.1. Experimental apparatus 
The rate of absorption of carbon dioxide by aqueous ammonia solvent is a key parameter regarding the evaluation 
of the process. The comparison of the absorption rate using ammonia and MEA solutions allows for evaluating the 
size of the absorber column as done previously by Puxty et al. [5] and by Derks et al. [6]. For this purpose, a wetted 
wall column apparatus has been designed and built. It allows for contacting counter-currently a liquid solvent and a 
well defined gas mixture at a chosen temperature and pressure. The known contact area between the gas and the 
liquid allows for calculating the absorption flux. This type of apparatus has been used by several researchers to 
measure the rate of absorption of CO2 by different alkanolamines solutions (Dugas [7], Pacheco [8], Paul [9]). The 
reaction chamber consists of a glass tube in the center of which is located a stainless steel tube. The liquid solvent 
stored in a 2.5L tank rises inside the stainless steel tube and flows down the outer surface of it forming a thin liquid 
film. The liquid exits the reaction chamber and is pumped back to the liquid tank using a Cole Palmer micro-pump. 
A typical liquid flow rate is 4mL/min. Nitrogen and carbon dioxide are mixed using Bronkhorst mass flow 
controllers in order to apply a known partial pressure of carbon dioxide in the reaction chamber. The gas is saturated 
at ambient and experimental temperatures before it enters the reaction chamber. The gas leaves the chamber and its 
carbon dioxide content is analyzed with a non dispersive infrared CO2 probes (VAISALA CARBOCAP GMT 221) 
available for two concentration ranges (0-2 and 0-20%). The apparatus does not include a condenser prior to the gas 
analysis, and the concentration of ammonia and water reaching the CO2 analyzer are calculate using the extended 
UNIQUAC model available for the NH3-CO2-H2O system [3]. The reaction chamber is surrounded by a glass jacket 
where water is circulated in order to control the temperature of the experiment. The inlet and outlet liquid 
temperatures are recorded and the temperature in the reaction chamber is calculated as an average of those two. The 
schematic views of the reaction chamber and of the apparatus are shown in Figure 1 and Figure 2. 
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Figure 1 Schematic view of the reaction chamber   Figure 2 Schematic view of the experimental apparatus 
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2.2. Measurement of the overall mass transfer coefficient  
During the absorption of CO2, the molar flux of carbon dioxide from the bulk gas to the bulk liquid can be 
expressed as [7]:  
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Gk  are respectively the gas and liquid side mass transfer 
coefficient. As reported by Dugas et al. [7], 'Gk is a function of both the physical diffusion of the reactants in the 
liquid and the effect of the chemical reaction. In addition, the flux can be calculated knowing the contact area 
between the gas and the liquid and the amount of carbon dioxide absorbed per unit of time. In our case, the flux, 
expressed in mol/(m2·sec) can be calculated with equation (3): 
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2 ,CO in
P  and 
2 ,CO out
P  are the partial pressure (in Pa) of carbon dioxide in the inlet and outlet of the chambers, 
measured with the mass flow controllers and the carbon dioxide analyzer, P is the pressure in the chamber, 
measured with a pressure transducer, gQ  is the flow rate of gas at the entrance of the chamber (m3/sec), including 
the water and the ammonia in the gas phase. The flow rates of water and ammonia in the chamber are calculated 
with the thermodynamic model extended UNIQUAC available for the NH3-CO2-H2O system. mV  is the molar 
volume at the experimental conditions (mol/m3) and A  is the contact area between the gas and the liquid, in m2. 
Hence, by measuring the absorption flux at different partial pressures of carbon dioxide and by using equation (1), it 
is possible to determine the overall mass transfer coefficient GK  by plotting the flux as a function of the logarithm 
mean partial pressure of carbon dioxide in the chamber using the linear relation. 
2.3. Results and discussion 
The rate of absorption of carbon dioxide has been measured for ammonia solutions from 1 to 10wt% in the 
loading range 0-0.6 and the temperature range 279-304K. In these experiments, the precipitation of ammonium 
carbonate compounds has been avoided, as the presence of precipitate would clog the pipes transporting the solvent 
and disturb its circulation. Hence, the experiments with 10wt% ammonia solutions at high loadings and low 
temperatures were not performed. Furthermore, the gas flow rates were chosen so that the gas side mass transfer did 
not significantly affect the overall mass transfer. The modeling of Gk  was done in a similar way as described by 
Pacheco. Figure 3, Figure 4 and Figure 5 show the overall mass transfer coefficient as a function of the CO2 loading 
for aqueous ammonia and aqueous MEA solutions at various temperatures and concentrations. 
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Figure 3  Overall mass transfer coefficient as a function of the CO2 loading for 1wt% ammonia solutions at various temperatures 
Figure 4   Overall mass transfer coefficient as a function of the CO2 loading for 5wt% ammonia solutions at various temperatures 
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Figure 5  Overall mass transfer coefficient as a function of the CO2 loading for 1, 5 and 10wt% ammonia solutions at various temperatures and 
for 30wt% MEA solutions at 40°C 
The results from this study are in good agreement with the ones from Puxty et al. [5] at similar experimental 
conditions. Several observations can be made from these results. For all the concentrations and temperatures 
considered, the overall mass transfer coefficient decreases when the CO2 loading increases. It can be seen that when 
the loading reaches 0.6, the value of GK  reaches a very low value, especially at low temperature. This shows that 
reaching a loading higher than 0.6 would require a large contact area between the gas and the solvent.  
An increase of GK  with the concentration of ammonia is observed within the concentration range considered. By 
increasing the concentration by 1 to 10wt%, the overall mass transfer coefficient for the unloaded solutions 
increases by about five times for the different temperatures. When the loading increases, this ratio decreases. 
Then, the overall mass transfer coefficient increases with the temperature for all the concentrations considered. 
However, for all the concentrations and loadings considered, the coefficients measured at 279, 284 and 294K are 
relatively close to each other. The difference is much larger when the temperature rises from 294 to 304K. This 
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indicates that lowering the temperature of absorption from 294 to 279K in order to reduce the ammonia vaporization 
in the capture process would not significantly affect the kinetics. However, the rate of absorption is drastically 
reduced when the temperature goes from 304K to 294K. Increasing the temperature from 279 to 304K entails an 
increase of GK  by 1.5 to 2 times for unloaded solutions. 
To compare the results for aqueous ammonia with the well-known MEA process, the rate of absorption of carbon 
dioxide with 30% MEA solutions at 314 K with a loading from 0 to 0.36 was measured. These are the typical 
conditions in the absorber for this process. It shows that the rate of absorption with 30wt% MEA solutions at 314K 
is in the same range as the one observed with 10wt% ammonia solutions at 304K. However, the rate of absorption 
for ammonia solutions at temperature applied in the chilled ammonia process is significantly lower than the one 
observed with MEA at 314K. At equal loading, the ratio of the overall mass transfer coefficients for 30wt% MEA at 
314K and 10wt% ammonia solutions at 284K is between 1.5 and 2. This means that the same factor should be used 
for the gas-liquid contact area to reach the same absorption efficiency. This result is in agreement with the 
conclusion from Puxty et al. [5]. Furthermore, the loading regime in a capture plant using MEA is typically 0.2/0.5, 
while it is higher when ammonia is used (0.3/0.7) [1]. This means that the ratio between the required contact areas 
for these two processes will be even larger. 
3. Simulation of the process 
3.1. Introduction 
The simulation of the process represents an efficient way to evaluate a capture process and to study its 
optimization in order to limit the heat, water and electricity consumption. Mathias et al. have simulated the process 
using their in house thermodynamic model [10]. The process simulation study is especially relevant for the chilled 
ammonia process, as the presence of chillers and the high pressure regeneration give more possibilities regarding the 
configuration of the process. Several simulators include a default thermodynamic model for the system of interest. 
However, a more sophisticated thermodynamic model is required to describe the complex SLV-equilibrium for the 
NH3-CO2-H2O system.  
The extended UNIQUAC model available for the complex CO2-NH3-H2O system [3] was therefore implemented 
on Aspen Plus using a user model interface [4]. The thermodynamic model used in this study is the upgraded 
version of the one proposed by Thomsen et al. [11] for this system. It has proven to describe accurately the vapor-
liquid-solid equilibrium and the thermal properties of a mixture of ammonia, carbon dioxide and water for a 
temperature up to 150°C. Hence, the model covers the temperature range of the capture process desribed in the 
patent [1]. The interface allows for combining the equilibrium calculations from the thermodynamic model with the 
process simulation features from Aspen Plus [4]. This tool therefore allows for assessing the heat and electricity 
requirements of the process and for studying the influence of several parameters. 
3.2. Description of the base case configuration 
The flow sheet of the process can be seen in Figure 6. The process has been simulated using a base case 
configuration where the flue gas stram molar composition is set to 12% of CO2, 4% of H2O and 84% of N2. As this 
study focuses on the heat and electricity requirement, O2, NOx, SOx and trace compounds are not considered. Its 
initial temperature is set to 40°C and its flow rate to 45kmol/hr. It enters a series of direct contact coolers in order to 
reduce its temperature down to 7°C. Its water content decreases and it enters the bottom of the absorber. As 
described by Rhudy et al. [12], it is considered that most of the sulphuric compounds present in the flue gas are 
captured in the direct contact coolers. As the RadFrac unit operation available in Aspen Plus entailed convergence 
problems, the absorber column is modeled as three flash units connected in series. The CO2-lean stream preliminary 
chilled down to a temperature set to 7°C enters the top of the absorber, reacts with the carbon dioxide, and exits the 
bottom stage. The temperature of the clean gas exiting the top of the absorber reaches 15°C. The temperature of the 
stream exiting the bottom of the absorber is calculated as 17°C. Its solid content is calculated as 8wt%. This 
temperature rise is due to the heat entailed by the chemical reactions during the absorption. In order to increase the 
loading and solid content of the CO2-rich stream, a separator is used to re-circulate a chosen fraction of the liquid 
phase of the stream exiting the bottom of the absorber to the second stage of the absorber. The recirculation rate of 
V. Darde et al. / Energy Procedia 4 (2011) 1443–1450 1447
6 Author name / Energy Procedia 00 (2010) 000–000 
the liquid phase is set to 70%. The re-circulated stream is cooled down to 7°C before it enters the absorber. Hence, 
three chillers are used to maintain a low temperature of absorption (for the flue gas, the CO2-lean stream and the 
recirculation stream). In the simulation, a chiller consists first of a cooler that uses available cooling water at 13°C. 
A refrigeration load is then required to reduce the temperature from 13°C to the chilling temperature set to 7°C.  
The simulation shows that the CO2-rich stream obtained from the separator contains 22wt% of solid compounds 
that consist of ammonium bicarbonate. The stream is pressurized at 10 bars. It is then heated to 50°C using low 
quality steam available at the power plant and reaches a heat exchanger where its temperature rises up to 85°C. This 
heater allows for partly dissolving the ammonium bicarbonate before the stream enters the heat exchanger [2]. It 
flows to the 2-stage desorber column that comprises a reboiler at its bottom stage and a condenser at its top. The 
temperature at the bottom stage is set to 110°C and the pressure in the desorber is maintained at 10 bars. The CO2-
pure stream leaves the column with a pressure of 10 bars. No further compression or purification of the carbon 
dioxide is included in this study. The CO2-lean stream exits the bottom of the desorber and reaches the heat 
exchanger where its temperature drops. Its pressure is reduced to 1 bar and its temperature is chilled down to 7°C 
before it flows to the absorber. The ammonia concentration in the carbon free solvent is set to 10wt% and the liquid 
to gas mass ratio in the base case configuration is set to 6.5. The ammonia and water leaving the top of the absorber 
are routed back to the absorber as a make up stream to ensure continuous operations. 
 
 
 
Figure 6 Flow sheet of the process 
3.3. Analysis of the results 
Based on these assumptions, the capture efficiency obtained is 90.5%. The lean loading calculated is 0.53, the 
rich loading 0.87. The heat requirement in the desorber obtained is 2070kJ/kg CO2 captured, which is in good 
agreement with our previous thermodynamic calculations. The electricity requirement for the chillers has been 
calculated using a COP of 6. The sum of the refrigeration load obtained is 290kJ/kg CO2 captured. The ammonia 
concentration in the CO2-pure stream is found to be lower than 5ppm (particle per million), and the water content 
about 3400ppm.  
Even at low temperature of absorption, the gas flowing from the top of the absorber has a high content of 
ammonia. In the case of the base case configuration, the concentration of ammonia in that stream reaches 4850ppm. 
It is necessary to clean it to reduce its ammonia concentration. A 3-stage water wash column is used in this study, 
with a recirculation rate to the second stage of 90%. The high ammonia content liquid stream is pressurized at 10 
bars, reaches a heat exchanger and a 2-stage stripper. The reboiler temperature is set to 180 degrees. The low 
ammonia content stream is led to the heat exchanger and to a water cooler before it reaches the water wash column 
again. This water wash allows for reducing the ammonia concentration down to 310ppm. The heat requirement 
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observed for this reduction is 640kJ/kg CO2 captured. An option to further reduce the ammonia slip and reach a final 
concentration of 10ppm is to put the cleaned gas stream in contact with sulphuric compounds present in the flue gas 
in order to perform an acid wash [13].  
Therefore, an estimate of the total heat consumption that includes the heat requirement in the carbon dioxide 
desorber and in the ammonia stripper for this base case would be about 2700kJ/kg CO2 captured. This is lower than 
the heat requirement observed with MEA solution, which is about 3700kJ/kg CO2 captured according to the results 
from the CASTOR project [14]. However the heat of consumption using alkanolamines can be decreased by 
optimizing the configuration of the process or by using new solvents [15]. The compression power reduction due to 
the high pressure of desorption when aqueous ammonia is used is 250kJ/kg CO2 captured [10]. Therefore, for this 
base case, the chilling duty exceeds slightly the benefits from the reduced compression power. A more thorough 
analysis is necessary to estimate the total electricity requirement in the process and the electricity requirement for 
the chilling will highly depend on the location of the capture plant and the presence of cold cooling water. 
Furthermore, as mentioned earlier, the loading regime observed in this simulation is very high. At these conditions, 
the rate of absorption of carbon dioxide would be very low as shown in our experimental results. Therefore, 
reaching such high loadings might be challenging. 
As mentioned before, the chilled ammonia process has many possibilities for process optimization. In this study 
we have made a preliminary assessment of the chilling temperature and the recirculation rate of absorber exit 
stream. The results can be seen in Table 1 and 2. Table 1 shows that the chilling temperature is very important for 
the process as the heat requirement in the CO2-desorber and ammonia slip from the absorber go up and the capture 
efficiency goes down with increasing chilling temperature. Table 2 shows a similar, but less strong impact of 
decreasing the recirculation rate.  Other parameters that can be varied are the ammonia concentration, the liquid to 
gas ratio in the absorber, the temperature and pressure of desorption. Such optimizations of the process have to take 
into account the limitations from the low rate of absorption at high loadings.  
Table 1  Influence of chilling temperature on various factors 
Chilling 
temperature 
(°C) 
Heat requirement  
CO2 desorber 
(kJ/kg CO2 
captured) 
Electricity 
requirement 
chilling (kJ/kg 
CO2 captured) 
Capture 
efficiency 
Rich 
CO2 
loading 
Solid fraction 
CO2-rich 
stream (wt%) 
Ammonia 
slip from 
absorber 
(ppm) 
7 2070  290 0.90 0.87 22 4900 
10 2200 200 0.85 0.86 21 4950 
12 2440 130 0.76 0.83 18 5500 
16 2930 0 0.63 0.78 14 6100 
20 3750 0 0.50 0.73 10 6700 
 
Table 2  Influence of the recirculation rate on various factors 
Recirculation 
rate 
Heat requirement  
CO2 desorber 
(kJ/kg CO2 
captured) 
Electricity 
requirement 
chilling (kJ/kg 
CO2 captured) 
Capture 
efficiency 
Rich 
CO2 
loading 
Solid fraction 
CO2-rich 
stream (wt%) 
Ammonia 
slip from 
absorber 
(ppm) 
0.3 2800 210 0.67 0.79 15 4760 
0.5 2400 250 0.79 0.83 19 4780 
0.7 2070 290 0.90 0.87 22 4900 
0.9 1940 830 0.97 0.90 26 4970 
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4. Conclusion 
The rate of absorption of carbon dioxide by aqueous ammonia solvent has been studied using a wetted-wall 
column apparatus. It has been measured from 279 to 304K for a concentration of ammonia form 1 to 10wt% and for 
a loading up to 0.6. The comparison with the results obtained with MEA solutions showed that the rate of absorption 
of carbon dioxide by 10wt% ammonia solutions at 304K is in the same range as the one observed with 30wt% MEA 
solutions at 314K. However, at low temperature, the rate of absorption with ammonia solutions is significantly 
lower than with MEA solutions at 314K. Therefore, a higher contact area between the liquid and the gas is required 
for the chilled ammonia process where absorption occurs at low temperature.  
An equilibrium-based simulation of the process has been successfully performed by coupling the features from 
Aspen Plus with the extended UNIQUAC model available for the NH3-CO2-H2O system. This study showed the 
good potential of the process, as the heat requirement was reduced compared to the process using MEA [14]. 
However, rather high CO2 loadings are required in the simulation which could entail problems with the rate of 
absorption. It is shown that this approach can be successfully used to assess the influence of variations in chilling 
temperature and recirculation rate. Therefore, we intend to extend our preliminary work to a more complete process 
optimization and eventually couple this to a power plant simulator.   
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